ABSTRACT Movement of potato tuberworm, Phthorimaea operculella (Zeller), and diamondback moth, Plutella xylostella (L.), was examined indirectly by estimating their distribution, and directly by using mark-recapture techniques. Trapping techniques including trap tubers and trap plants were used to assess the distance that potato tuberworm moved from infested crops. These experiments suggested that a low proportion of moths foraged beyond 100 Ð250 m to infest tubers or plants. Light traps indicated that the number of moths moving out from crops diminished over a 40-m distance. Dispersing moths penetrated 30 m into new crops to infest the foliage. Direct movement of potato tuberworm and diamondback moth between crops was estimated using mark-recapture experiments. Fluorescent dusts were more effective than felt pen for marking, and moths were recaptured with sweep-nets followed 1 d later by pheromone trapping. From sweep-net collections of potato tuberworm, a mean of Ϸ17% of moths was shown to move between crops. Only 1.2% of diamondback moth was recaptured by sweep netting outside the release area and very few moths were caught in pheromone traps. These results, together with the literature, suggest that sufÞcient potato tuberworm would forage between adjacent treated and untreated crops to minimize the development of insecticide resistance. The use of refuges to conserve susceptible pest populations is recommended for managing resistance that may arise from any future use of Bt-transgenic potatoes or Brassica spp. in New Zealand. Refuges that are intended to dilute potential resistance of potato tuberworm to transgenic crops should be placed close to transgenic potato crops.
POTATO TUBERWORM, Phthorimaea operculella (Zeller), and diamondback moth, Plutella xylostella (L.), are increasingly important pests of potatoes (Solanum tuberosum L.) and Brassica spp., respectively, in New Zealand. Potato tuberworm can cause high levels of damage to tubers (Goldson and Emberson 1985) and insecticidal control of foliar populations is ineffective, especially if adults immigrate from nearby infected crops (Foot 1974) . Insecticide resistance in potato tuberworm has not been reported in New Zealand. Diamondback moth is resistant to synthetic pyrethroid and organophosphate insecticides in New Zealand, but not resistant to Bacillus thuringiensis Berliner (Bt) (Cameron et al. 1997b) , and control failures can lead to signiÞcant crop losses. Control strategies being developed for both potato tuberworm and diamondback moth emphasize decreasing reliance on conventional insecticide use (Herman 1999 , Walker et al. 1999 . Information on the dispersal behavior of these pests is relevant to the development of new control strategies including the management of alternative host plants, pheromone-based strategies, and insecticide resistance management. Our study addresses issues relating to the potential resistance of insects to insecticidal transgenic B. thuringiensis in crop plants. One of the new control strategies being investigated in New Zealand and overseas for control of potato tuberworm is the use of crop cultivars that express insecticidal transgenic Bacillus thuringiensis toxin genes (Conner et al. 1997 , Westedt et al. 1998 ). Overseas, similar techniques have already been Þeld tested for diamondback moth (Shelton et al. 2000) . It has been recognized that widespread exposure of insects to Bt toxins in transgenic plants risks the rapid genetic adaptation of pests and the loss of this valuable microbial toxin. Gould (1988) proposed a range of strategies including a high-dose/refuge strategy that requires gene ßow between pest populations on transformed and conventional crops to reduce the development of this resistance. To prepare for potential deployment of transgenic crops for control of potato tuberworm and diamondback moth we need information on both adult and larval movement of these pest species. Comparing movement of the two species may also be useful for determining the relative value of refuges for managing resistance to transgenic potatoes and Brassica spp.
More information is available on the movement of diamondback moth than potato tuberworm. Knowledge of the ßight capacity of potato tuberworm moths is contradictory, with some reports suggesting limited ßight capacity (Fenemore 1988) , and others indicating that adults are good ßiers (Yathom 1968) . Flight is inhibited by winds Emberson 1977, Foot 1979) although Reed (1971) inferred that ßight was wind-assisted. Several authors (Foot 1979 , Coll et al. 1997 suggest that potato tuberworm moves between crops to cause rapid increases in pest density. Diamondback moth is considered to be a migratory species (Talekar and Shelton 1993) and, although ßights appear to be erratic, the species annually recolonizes northern regions of the United States where it cannot overwinter. Backtracks of probable dispersal routes of diamondback moth in the United Kingdom suggest that long distance movements of Ͼ1,600 km can occur in airstreams from Scandinavia (French and White 1960) . The extent of diamondback moth movement within crops (Sivapragasam et al. 1988 ) and between crops (Shirai and Nakamura 1994) has been studied using mark-recapture techniques.
In this study we attempted to gain estimates of adult movement from infested crops, between crops, and into new crops. The initial experiments concentrated on potato tuberworm because there are fewer estimates of movement distance and frequency for this pest than for diamondback moth. Indirect measures of potato tuberworm movement used trapping methods including trap tubers and trap plants to provide a relevant scale for subsequent experiments. Mark-recapture methods together with sweep netting and pheromone traps provided direct estimates of adult movement for both potato tuberworm and diamondback moth.
Materials and Methods
All Þeld experiments were performed at the Crop & Food Research, Pukekohe Research Center located in the major vegetable-growing region in South Auckland (174Њ 55Ј E, 37Њ 10Ј S), New Zealand.
Movement of Potato Tuberworm from an Infested Crop. Five methods for trapping adult potato tuberworm were tested for ease of use and ability to trap potato tuberworm adults. These traps were placed at various distances from an unsprayed heavily infested potato crop in an attempt to detect gradients in the distribution of moths and to gain indirect measures of moth movement. These initial estimates of movement were then used to deÞne subsequent experiments. The potato crop (Fig. 1a) , a 50 by 12-m plot of cultivar ÔRuaÕ, was sown in early November 1996 and was naturally infested by early December. From mid-December to late January, traps were placed adjacent to the infested crop (0 m) or at distances over cultivated soil of 10, 20, 30, and 40 m in a northerly direction (determined by land availability) from the crop. In February and March of the same season, trapping observations were also made at four more distant (remote) locations from the infested crop, in squash (100 m to the north), in fallow grass (200 m north), by a shelterbelt (225 m east), and in grapes (250 m south). There were no alternative hosts for potato tuberworm within 250 m of the source crop, but for traps at 225 m or more, other potato crops in the area were equidistant from traps and may have inßuenced the catches.
Trap Tubers. Potato tubers were punctured on the upper surface Ϸ10 times with a metal spike and placed (slightly embedded) on the soil surface in groups of eight, with tubers separated by 0.4 m, at each distance from the infested potato crop (Fig. 1a) . In the latter part of the experiment, tubers were wrapped in coarse mesh chicken wire to prevent their removal by rabbits. The tubers were placed in the Þeld for 1 wk, and then retrieved and each group held individually in ventilated containers on paper toweling for 4 wk for rearing and collection of emerging potato tuberworms. The mean number of potato tuberworms per tuber was calculated for each distance for four occasions at 0 Ð 40 m, and three occasions for 0, 100, 200, 225, and 250 m.
Trap Potato Plants. Potato plants grown in planter bags in a greenhouse were planted in the Þeld adjacent to the trap tubers. Six to eight plants at a growth stage approximating that of the infested potato crop were placed at each distance, including the remote locations (Fig. 1a) . The plants were placed in the Þeld weekly on four occasions at 0 Ð 40 m, and on one occasion at the four sites 100 Ð250 m distant. Plants were examined in situ after 2 wk exposure to estimate the number of potato tuberworm mines per plant at each distance.
Shielded Light Traps. Three battery-operated light traps (Universal Light Trap, model 2851U, with 12-W U black light, BioQuip, Gardena, CA) were operated overnight for one night per week with one trap at each distance of 0, 10, and 30 m from the infested potato crop (Fig. 1a) . To prevent direct attraction of potato tuberworm from the infested crop the traps were shielded with a metal hood that limited the distance over which light was cast to Ϸ3 m. To minimize interactions between lights, the trap at 0 m was placed in the center of the crop margin and the traps at 10 and 30 m were offset by 20 m from the central transect. Captured moths were identiÞed in the laboratory and counts obtained for each trap.
We also experimented with perspex bafße traps and double-sided yellow sticky traps but these did not catch moths of either species.
Movement of Potato Tuberworm into Uninfested Crops. In the 1997Ð1998 season we used trap tubers, shielded light traps, and observations of foliar infestation to monitor the movement of potato tuberworm from an infested potato crop to a neighboring uninfested crop. The infested crop consisted of a 50 by 12-m area of volunteer potatoes originating from the unharvested plot sown the previous year (Fig. 1b) . The over-wintering tubers were heavily infested with potato tuberworm. Spread of potato tuberworm was measured from the pattern of infestation between the infested crop and a new uninfested potato crop (50 by 16 m) that was sown on 5 December, 30 m to the north of the source plot (Fig. 1b) . The intervening land was cultivated regularly to remove any vegetation. Groups of trap tubers were placed on a transect in the source crop, on the edge of the source crop (0 m), and at a distance of 10 m and 30 m (Fig. 1b) . Adult movement was directly monitored with single light traps at 0, 10, and 30 m. Movement into the new crop was estimated from weekly observations of foliar infestation by potato tuberworm larvae in 10 plants at the edge nearest to the source (0 m), and similarly at 5 and 10 m into the crop.
Larval Movement of Potato Tuberworm. The extent of movement by mining larvae of potato tuberworm in the Þeld was estimated from inspections of mines on undisturbed plants. Mine tracks were used to classify movement as, within leaßets or, between leaflets, leaves, stems or plants. Twenty large ßowering plants in the guard rows of an unsprayed crop (cultivar Rua) were examined and the positions of all the mines on these plants were classiÞed.
The effect of transgenic Bt toxins on larval movement was observed in choice experiments with neonate larvae on leaßets and potted potatoes. Potato plants were grown from ÔIlam HardyÕ tubers transformed with the Cry1Ac gene (provided by A. J. Conner, Crop & Food Research) . We used two lines from this transformation, each with different levels of resistance as previously shown by their effects on larval growth (M. M. Davidson, personal communication). Paired leaßets randomly excised from 10 transgenic or control plants were placed side by side on agar in 30-mm-diameter ventilated petri dishes and 10 neonates were placed between the two leaßets. Twenty dishes for each comparison were oriented randomly and maintained in an incubator at 20ЊC, and the position and mortality of larvae were observed at 1 and 4 h and then daily for 4 d. The number of larvae moving on the surface of each leaf and not mining was also recorded. For whole-plant experiments, pairs of transgenic and control plants (preßowering and Ϸ60 cm tall) were placed adjacent to each other so that their foliage and stems touched to provide many points for larvae to move between the plants. Twenty-Þve to 30 neonate larvae were placed at intersections between transgenic and control plants on four to Þve pairs for each resistant line. The location of larvae was scored after 7 d.
Movement of Potato Tuberworm and Diamondback Moth Between Crops. Mark-recapture experiments were performed by releasing marked moths in a designated release plot and assessing their movement within this crop and to plots at varying distances from the release plot. Individual experiments are described below. Adults for release were obtained from the Þeld (potato tuberworm) or reared in cultures (potato tuberworm and diamondback moth), and collected, marked and then released on the same day. Cultures were maintained for a maximum of three to four generations to minimize the inßuence of laboratory rearing on ßight ability (Shirai 1993) . Field collected moths were captured in the Þeld by sweep netting, then sorted and identiÞed in a 5ЊC cold room into groups of 20 potato tuberworm and 40 diamondback moth for marking. Fluorescent dust (0.01 g) (ÔNeon RedÕ or ÔSaturn YellowÕ, Dayglo Color Division, Switzer, Cleveland, OH) was placed in each 30 by 50-cm plastic bag and agitated for Ϸ10 s with each collection of moths. In preliminary experiments with reared moths, this dose of dust marked all the moths and caused 7% additional mortality after 2 d. For one release of diamondback moth, approximately half the moths were marked on one forewing with a red Þne felt tip pen (Sanford Sharpie series 3000) using the methods of Suckling et al. (1990) . Marked moths were released into a tray in the center of the release plot, between 1400 and 1900 hours when there was no or minimal wind. The number Þnally released was calculated by subtracting the number of moths that failed to leave the tray. The target number for releases was based on sample size charts from Robson and Regier (1964) that provided population estimates with an accuracy of Ϯ10%. After the Þrst experiment, we estimated the total population size to be in the order of 10,000. To obtain accurate estimates of this population, the sample size charts recommended the release of Ϸ1,000 marked individuals followed by examination of 1,000 individuals for marks.
Moths were recaptured 1 d after release by sweep netting both the release and adjacent recovery crops. Collection effort was proportional to the area of each crop, allowing comparison between recaptures in the release plot and adjacent crops. No collections were carried out within 1 m of the release point. Moths caught in each 100 sweep collection were transferred to plastic bags containing a paper towel, the bags were Þlled with CO 2 , and excess foliage removed before the bags were stored in cooled bins for transport to the laboratory. The evening after these collections were complete, battery-operated shielded light traps or delta pheromone traps were placed in the release plots and at varying distances to recapture moths. Pheromone traps for potato tuberworm were baited with a two-component blend comprising PTM 1 and PTM 2 (Voerman and Rothschild 1978) in a 4:6 ratio. Traps for diamondback moth were baited with a HortResearch pheromone blend supplied by D. M. Suckling. In the laboratory, moths from the sweep net and light trap collections were identiÞed and placed in petri dishes for examination under UV light (Blak-ray long wave, model XXL5C, UV Products, San Gabriel, CA) for the presence of ßuorescent dust. Moths from the pheromone traps were examined under UV light in situ on the sticky bases.
Experiments 1-3. In the 1997Ð1998 season, three mark-recapture experiments were performed with potato tuberworm to measure movement in one direction. Marked moths were liberated into the center of a 16 by 12-m release plot and their movement to a potato crop (50 by 16 m) located 30 m to the north (Fig. 1c) over cultivated fallow land was recorded. Moths were collected from the Þeld for the February and March experiments, and reared for the April experiment. Recaptures were carried out by sweep net on the day after release. The collection effort was proportional to the area of each crop. In experiments 1 and 2, this was achieved with 10 random collections of 100 sweeps from the release plot, with 40 similar collections from the new crop; i.e., release plot ϭ 1 Unit effort; 30 m ϭ 4 U. In experiment 3 the ratio was as follows: release plot ϭ 1 U effort; 30 m ϭ 2 U. Light traps were used over the following night, and pheromone traps the next night. The positions of these traps are indicated in the layout map (Fig. 1c) and the relative collection efforts at each distance are shown in Table 3 . The recapture rates for each experiment and method were calculated by comparison with the number of marked individuals released. For experiments with Ͼ25 recaptures, we estimated the proportion of moths per unit of collection effort that remained in the release crop compared with those moving between crops.
Experiments 4 -6. Further experiments in 1999 and 2000 with both potato tuberworm and diamondback moth were designed to measure the distance and direction of movement. Plots of potatoes or cabbages were sown in 10 by 10-m plots in cultivated fallow land to provide a central release plot with four surrounding plots at a distance of 10 m, and a further six plots at a distance of Ϸ30 m (Fig. 2 ). Moths were recaptured 1or 2 d after release by sweep netting both the release and surrounding plots (as described above). Equal effort of 20 ϫ 100 sweeps was assigned to each plot, therefore the relative effort at each distance was proportional to the total area of the plots; i.e., release plot ϭ 1 U effort; 10 m ϭ 4 U; 30 m ϭ 6 U. After these collections were complete, four pheromone traps were placed at the corners of the release plot, four traps at 30 m from the release plot, and a further four traps at Ϸ60 m from the release plot (Fig. 2) . The traps were cleared after 48 or 72 h. Marked moths from all collections were identiÞed under UV light by the presence of ßuorescent dust, and under a binocular microscope by the presence of felt pen marks. The recapture rates and proportion of moths moving between crops per unit of collection effort was estimated as above.
Analysis. The number of potato tuberworm per tuber, mines per plant, and moths per trap were transformed by log 10 (x ϩ 1) to stabilize variability and analyzed using analysis of variance (ANOVA) to detect any signiÞcant effects of distance. The effect of sampling date was also accounted for in the analysis. Differences between means were indicated by least signiÞcant difference (LSD) estimates based on the pooled error mean square (Sokal and Rohlf 1981) . The mean number of mines per plant at different distances into a new crop was estimated together with 95% conÞdence intervals. Avoidance of transgenic leaves by potato tuberworm larvae in choice tests was assessed using paired t-tests to compare differences in larval counts between transgenic and control leaves over the 20 dishes. Recapture rates for the two marking methods for mark-recapture experiments were compared using ANOVA for 20 100-sweep samples following correction for the lower release rate of penmarked moths. ConÞdence intervals for the proportion of marked individuals recaptured were estimated using methods described in Krebs (1999) for the Peterson method of single mark-recaptures. The low (Ͻ0.1) ratio of marked to captured individuals, and low recapture rates (generally Յ 50) indicated that Poisson conÞdence intervals were appropriate (Krebs 1999) . Pheromone trap recoveries of potato tuberworm ßying against and with the predominant wind for each occasion were compared using ANOVA on log 10 transformed data over four occasions. Analyses were performed using Minitab (1998) .
Voucher specimens of P. operculella and P. xylostella have been deposited in the New Zealand Arthropod Collection, Mount Albert Research Center, Auckland, New Zealand.
Results

Movement of Potato Tuberworm from an Infested
Source. Trap Tubers. In 1996 Ð1997, very few potato tuberworm were obtained from trap tubers until the late December exposure periods, but from 24 December until the end of January, an average of 0.55 potato tuberworm per tuber were recovered. During this period, the distribution of potato tuberworm along the 0 Ð 40 m transect of trap tubers indicated no decline in infestation at increasing distances from the source crop (Table 1) . When tubers were then placed at distances of 100 Ð250 m from the infested crop (Table  1) , location was a signiÞcant factor in the infestation of tubers (F ϭ 3.84; df ϭ 4, 8; P Ͻ 0.01). Tubers at 225 and 250 m were signiÞcantly less infested than those adjacent to the crop (0 m).
Trap Plants. The number of potato tuberworm mines on trap plants after exposure for 2 wk in the Þeld provided a measure of larval infestation at different locations from the source crop. In January and early February, infestation rates were generally below two mines per plant and showed no signiÞcant decline with increasing distance up to 40 m from the source potato crop (Table 1) . At the most distant site (250 m), location signiÞcantly reduced (F ϭ 5.56; df ϭ 4, 30; P Ͻ 0.05) the number of mines per plant (Table 1) .
Shielded Light Traps. The numbers of potato tuberworm adults caught in these traps varied signiÞcantly (Table 1) . Similarly, lower numbers of moths (F ϭ 12.9; df ϭ 2, 6; P Ͻ 0.01) occurred at more distant sites 100 and 200 m from the infested crop (Table 1) . Movement of Potato Tuberworm Into Uninfested Crops. In 1997Ð1998, levels of trap tuber infestation in the source crop averaged around 23 larvae per tuber and these levels were signiÞcantly higher (F ϭ 12.88; df ϭ 3, 21; P Ͻ 0.001) than at the edge of the source crop (0 m) or 10 m distant across bare ground (Table  1) . This infestation increased again at 30 m distance, adjacent to the nearest edge of the new crop. Light trap catches at all distances from the source crop showed increasing activity of moths over December (weeks 1Ð 6), and a marked increase in catches in the Þrst week of January (week 7) (Fig. 3) . This increase appeared to be greater close to the source crop (0 m) and the new crop (30 m), but the comparison could not be tested with single light traps. Three weeks after the increase in moth activity, foliar population increases in the new crop were detected as an increase in the number of mines per plant. These populations increased at 5 and 10 m into the crop as well as at the edge (0 m) (Fig. 3) , indicating that there was no signiÞcant edge effect and demonstrating that moths penetrated into the crop. Separate observations of mines per plant in a larger uninfested crop (data not shown) demonstrated that potato tuberworm moved up to 30 m into such a crop.
Movement of Potato Tuberworm Larvae. Field Observations. The position of mines on plants in the Þeld showed that mining larvae were capable of moving between plant structures when these were touching. The type of movement was therefore related to the extent of overlap of plants. Most mining larvae remained within a leaßet (14.8 Ϯ 1.4 (mean Ϯ SEM) mines per plant) or moved between leaßets within a leaf (4.1 Ϯ 0.7 mines per plant). Small numbers of mines extended between stems of the same plants (0.2 Ϯ 0.1 mines per plant) and, overall, 5% of mines occurred between plants. Although occasional movement of larvae outside mines was observed, this was not quantiÞed.
Movement on Bt Transgenic Leaves and Plants.
Larvae commenced mining Bt-transgenic and control leaves immediately, and by 4 h most larvae were established in mines. Only four larvae died during the 4-d experiment. The location of larvae given the choice between Bt-transgenic leaves or controls indicated a slight preference for untransformed control leaves (Table 2 ). In all but one observation period, fewer larvae occurred on the transgenic lines and this preference was signiÞcant (t ϭ 0.05, df ϭ 19) on four sampling periods for line 1 and three periods for line 2. In the whole-plant experiment, fewer larvae also occurred on transgenic plants, but this difference was not signiÞcant. A small number of larvae were observed moving on the leaf surfaces in all observation periods. The mean number of larvae per leaf moving on the surface and not mining was similar for line 1 versus control leaves but, for line 2, movement out of mines was signiÞcantly greater (3.3-fold) (t ϭ 2.47, df ϭ 19, P Ͻ 0.05) than that on controls.
Movement of Potato Tuberworm and Diamondback Moth Between Crops. Marking and Recapture
Rates. Fluorescent dust was used for marking moths in all mark-recapture experiments with potato tuberworm. Neon Red dust was easier to detect than the Saturn Yellow dust because a natural yellow ßuores-cence from potato tuberworm eggs produced a characteristic yellow ßecked marking in the posterior abdominal region of some female moths. Initially this yellow mark was difÞcult to distinguish from the Saturn Yellow dust, so this color was replaced by Neon Red dust for the remaining experiments.
The comparison of overall recapture rates for ßu-orescent dust marking and felt pen marking (experiment 6) did not distinguish the recovery rates for diamondback moths marked using different methods (Table 3) . However, analysis of recaptures from in- dividual sweep collections in the release plot (after correction for the different numbers released for each method) showed that signiÞcantly more (F ϭ 4.73; df ϭ 1, 38; P Ͻ 0.05) dust-marked moths (2.9/100 sweeps) were collected than pen-marked moths (1.2/ 100 sweeps). As ßuorescent dust-marked moths were more easily detected in samples than moths marked with pen, the persistence of the dust mark and its ease of identiÞcation may have been the main reason for higher recovery with this technique. Mortality at release was similar for ßuorescent dust (2.4%) and for pen marking (2.6%). The release of reared potato tuberworm (experiment 3) produced recapture rates that were similar to or greater (conÞdence intervals non-overlapping) than release of Þeld-collected moths for both sweeping and pheromone trapping methods (Table 3) . Recapture rates for reared diamondback moth were similar (conÞdence intervals overlapping) to those for potato tuberworm.
The number of marked moths released in each experiment approximated or exceeded the target of 1000 (range, 905Ð1,393) except for experiment 1 (Table 3 ). The total number of moths (marked and unmarked) captured following releases reßected the increasing natural populations in the crops later in the season. For experiments 2, 3, and 4 adult potato tuberworm were abundant but, in experiment 5, diamondback moth populations in cabbage were very low and of 53 moths captured, 50 were reared moths that had been marked and recaptured. Marked moths were recaptured with all techniques but as pheromone and light trapping methods were used only after sweeping, the recapture rates could not be directly compared. Because the number of light traps available was limited to three, later experiments were restricted to the use of sweeping and pheromone trap techniques that could be used at a greater number of locations. To gain a true recapture rate for pheromone traps, release numbers were reduced to account for the sex ratio of 87% male for potato tuberworm and 46% male for diamondback moth. For all methods, the total number of moths recaptured provided a measure of the useful information gained. Apart from one light trap recapture of 7.3%, sweeping produced the largest recaptures of up to 8.9%, but the conÞdence intervals indicated that sweeping caught more moths than pheromone traps on only three occasions.
Directionality and Distance. Information on the direction and distance of ßight was restricted by the lower number of moths recaptured in adjacent crops compared with the total recaptured (Table 3) . For moths caught by sweeping, experiments 4, 5, and 6 measured directionality in four compass directions but the results showed no pattern of directional ßight for potato tuberworm or diamondback moth. For pheromone trap recoveries, a comparison of total potato tuberworm ßights against or with the prevailing wind for experiments 1Ð 4 produced 32 ßights into the wind and 17 with the wind; there was no signiÞcant preference (F ϭ 1.16; df ϭ 1, 3; P Ͼ 0.05). There were insufÞcient data to compare the direction of diamondback moth ßights.
Marked moths of both species were recovered by sweeping in the release plots, and at 10 m and 30 m (Table 3 ), but the low numbers (Յ5 per unit effort) precluded statistical comparisons. Where moths were recaptured at different distances (experiments 4 Ð 6) there were no apparent differences in recapture of potato tuberworm or diamondback moth. Pheromone and light traps recaptured potato tuberworm at 30 m in potato crops and at 60 m in noncrop areas (Table 3) . In experiments 1, 2, and 4, these traps recaptured similar numbers of potato tuberworm in the release plots and at 30 m. Recaptures with pheromone traps at 60 m were irregular, but we observed some windassisted ßights of Ͼ40 m during releases when moths ßew 2Ð3 m in the air and were carried downwind. For diamondback moth (experiment 6), only one moth was recaptured in pheromone traps. In experiments using the sweep method, and where 25 or more moths were recaptured, the proportion of moths moving between crops per unit of collection effort was calculated (Table 4) . For potato tuberworm the percentage of moths that moved and were recovered from adjacent crops averaged Ϸ17% whereas, for diamondback moth, a lower proportion of 1.2% moths moved between crops.
Discussion
A range of methods was used to estimate changes in the distribution of potato tuberworm over time and infer movement of moths from infested crops. Adult populations were clearly higher in the infested crop as was demonstrated by trap tuber estimates of 23.4 per tuber in 1997Ð1998. Our measurements showed that although trap tubers and trap plants were sensitive to changes in population levels as the season progressed, neither of the traps distinguished between populations of Ͻ1.5 per tuber at 10 Ð 40 m from the crop border. The week-long exposure period for these traps, and the ability of moths to oviposit over the full period after locating traps, may have been an important factor limiting the sensitivity of traps to moth density. Only at greater distances of 100 Ð250 m did lower trap infestations indicate reduced population levels. By contrast, when operated for one night, the light traps were capable of distinguishing between populations at all distances. Overall, these results indicated a sharp decline at the crop border so that populations at 10 Ð 40 m away from the crop were Ϸ6% of those in the source crop and declined further at 100 Ð250 m. At distances Ն100 m, we consider that dispersing potato tuberworm may have originated either from the experimental source crop or from other sources in the region. No comparable estimates of movement are available for potato tuberworm, but Caprio and Tabashnik (1992) estimated that diamondback moth populations declined to 7.8% at distances of up to 30 m from a source crop. Neither of these estimates directly indicated a rate of dispersal but they both indirectly suggested that Ͻ10% of these populations would move 30 Ð 40 m.
We tested two alternative passive trapping systems not involving attractants such as plant volatiles or light sources. Neither the bafße trap nor the sticky trap techniques caught potato tuberworm or diamondback moth although Sivapragasam and Saito (1986) demonstrated that yellow sticky traps were effective for diamondback moth. Suction traps (Goldson and Emberson 1977) provided another passive trapping option but, as with light traps, this technique is limited by the availability and cost of traps.
The movement patterns we observed in this study were mostly short distance or trivial movements (Johnson 1969) , and foraging movements between resource patches or crops. In the Pukekohe region, the short distance movements of 10 Ð 40 m by potato tuberworm that we observed would be sufÞcient to infest nearby crops on the same property. This is consistent with observations by Foot (1974) at Pukekohe. Movement between grower properties would commonly require foraging movement of several hundred meters or displacements assisted by wind. Few estimates of the length of longer distance ßights are available although Goldson and Emberson (1977) noted a probable dispersal distance of 0.75 km. In studies of the host range of potato tuberworm and diamondback moth in the Þeld (Cameron et al. 1997a) , we found that potato tuberworm was limited to potato hosts and therefore its distribution was limited to potato crops or volunteer potatoes. By contrast, diamondback moth infested a much wider range of roadside hosts and, because these plants are more widely distributed in the Þeld, foraging distances between hosts are likely to be less than those for potato tuberworm.
Movement of potato tuberworm larvae appeared to be enhanced by transgenic Bt toxins so that larvae moved from Bt-leaves onto control leaves. It is likely that this agitation of larvae would increase movement from Bt-plants to nontransgenic plants in the Þeld if these plants were planted close enough for leaves to touch. Similar behavior has been observed by Shelton et al. (1998) and Tang et al. (2001) for diamondback moth, and Harris et al. (1997) for Epiphyas postvittana (Walker) . This type of movement would have reduced the Bt dose that larvae were subjected to and contributed to the low mortality in our experiment. In the Þeld, a reduced dose of Bt toxin is likely to reduce mortality and thereby nullify the high-dose component of the high-dose/refuge strategy (Gould 1988) . These results indicate that mixed plantings that allow movement of larvae between insecticidal Bt transgenic plants and refuges should be avoided. The mark-recapture methods we used were similar in some aspects to those previously used for potato tuberworm (Coll et al. 1997 ) and diamondback moth (Shirai and Nakamura 1994) . We used ßuorescent dusts to mark moths because they were simple to use and in appropriate doses they caused only minor mortality. In a comparison of marking techniques for potato tuberworm, Coll et al. (1997) recovered more moths marked with ßuorescent dust than rubidium. Because of the potential of pheromone traps to attract moths from distances of Ͼ60 m (Linn et al. 1987) and thereby modify movement, we limited the use of pheromone traps and deployed them only after passive (sweep net) estimates of dispersal had been completed. The efÞcacy of these methods was supported by our total recapture rates for potato tuberworm and diamondback moth, which exceeded those reported in both the above studies. Higher recovery rates for reared potato tuberworm in our experiments suggested that these moths were at least as Þt as Þeld-collected moths and provided valid comparisons. This is partly supported by Shirai (1993) , who noted that for diamondback moth rearing in the laboratory did not affect ßight ability until the 10th generation.
The most direct estimate of gene ßow between populations in different crops in our study was the rate at which marked moths moved between crops in mark-recapture experiments. Based on sweep-net recoveries, the proportion of potato tuberworm leaving the release plot averaged 17%. As our estimates of movement between crops were based on movement per trapping unit, they provided comparisons between crops of equal size. Few comparative measures are available from other studies on this species. Coll et al. (1997) detected no dispersal of potato tuberworm from a release site using mark-recapture techniques. For diamondback moth only 1.2% of the moths left the release plots in our study, considerably lower than the proportion of diamondback moth (5.9 Ð19.8%) recovered by Shirai and Nakamura (1994) in pheromone traps in Þelds surrounding their release site. They measured mean ßight distances of 615 m in the summer and 286 m in the autumn. Higher estimates from pheromone trap and light trap recoveries compared with passive trapping in our study suggested that the use of attractive trapping techniques might increase estimates of the proportion of moths leaving a crop (Linn et al. 1987) , although Suckling et al. (1994) considered that this effect is not great. Caprio and Tabashnik (1992) concluded that frequent immigration and emigration of diamondback moth occurred between vegetable Þelds but our results indicate that potato tuber moth migrates more frequently. This may be one of the reasons why diamondback moth has developed high levels of insecticide resistance, whereas no resistance is currently documented for potato tuberworm. Although the literature demonstrates that diamondback moth does move between crops, this is apparently not sufÞcient to prevent the development of populations with differing susceptibilities to insecticides (Tabashnik et al. 1987 ). We have also detected differences in diamondback moth resistance to synthetic pyrethroids between crops separated by Ͻ10 km within the Pukekohe region (G.P.W., unpublished data).
Based on our estimates, emigration of potato tuberworm over distances of Ͻ40 m range from Ϸ6% (estimated from distribution studies) to 17% (from markrecapture). Both these estimates are higher than the 1.2% dispersal estimated from mark recapture experiments with diamondback moth. However, these estimates only provide an index of the rates of gene ßow for each species, as actual measures of gene ßow also require estimates of reproductive success. The relationship between gene ßow and the development of insecticide resistance has been investigated with computer simulations (Caprio and Tabashnik 1992) , which indicated that when movement of diamondback moth between treated and untreated Þelds exceeded a critical value of Ϸ10% the development of resistance was slowed. This critical value suggests that potato tuberworm will use refuges at a greater rate than diamondback moth and is therefore less likely to develop resistance to Bt-transgenic crops.
Recommendations for management of resistance to insecticidal transgenic Bt in cotton, corn, and in potatoes (EPA 1999; Roush et al, 1998) reßect the expected gene ßow of target pests between refuges and transgenic crops, and are largely reliant on estimates of insect movement. They give no current recommendations for Brassica spp. or for potato tuberworm in potatoes. Although some recommendations state only that refuges should be in the same general area as transgenic crops, other studies (Dillon et al. 1998) indicate that to be effective under all conditions, refugia need to be within the transgenic crop. For Bt transgenic broccoli, Shelton et al. (2000) showed that an unsprayed refuge 20% the size of the transgenic crop and placed beside the transgenic crop prevented increases in resistance gene frequency in diamondback moth. This study also recommended that refuge plants should not be mixed among transgenic plants so that larval movement between plants with and without Bt toxins is prevented.
In planning for the safe deployment of transgenic Brassica spp. and potato crops in New Zealand, current information suggests that refugia should be placed immediately adjacent to transgenic crops. Further estimates of the proportion of diamondback moth and potato tuberworm individuals moving between crops will assist in determining the size of refugia, but this recommendation is also dependent on the comparative survival of pests in the transgenic crop. Experiments such as those conducted by Shelton et al. (2000) suggest that refuges can limit Bt resistance even with high initial Bt resistance frequencies. The current absence of Bt resistance in diamondback moth in New Zealand, and its assumed absence in potato tuberworm, suggests there are good prospects for managing potential resistance if Bt-transgenic crops are deployed in this country.
